Abstract The effects of pectin and sucrose addition on the rheological parameters and freezing kinetic of passion fruit pulp were studied. The effect of the air-blast freezing of passion fruit at -20°C on the rheological parameters before and after freezing was evaluated. The rheological analyses were carried out using a viscometer at 25°C, and the readings were converted into rheological measurements using the Mitschka method and fitted to the Ostwald-de Waele model. The freezing kinetics was analyzed using a controlled-temperature cold-stage instrument, which was coupled to a microscope integrated with a video capture system. The concentrations of sucrose and pectin were established using a Composite Rotational Design. The pulps combined with the additives exhibited a pseudoplastic behavior, and the values for the index flow (n) and consistency index (k) before and after freezing differed and were dependent on the additive concentrations. The rates of increase for the frozen areas were evaluated in a microfreezer and were significantly influenced by the additive concentrations. These concentrations were those that presented a lower index flow and a higher consistency index. The results are discussed in terms of the solubility and interaction of the pectin added to the fruit pulp with low pH, the presence of sucrose and low temperature.
Introduction
Preservation of fruit in the form of juice, pulp and other products boosts product availability and permits the use of production surplus. Frozen fruit pulp is derived from the edible portion of the fruit and involves crushing and/or pulping the fruit and then freezing the processed paste. Airblast freezing is the process most often applied in small agroindustries. When fruit is frozen in the form of pulp, the effect of the freezing process is verified by alterations in pulp consistency and composition, which are caused by chemical reactions during this subsequent storage (Fernandes et al. 2010) . The consistency and global appearance of the pulp are best maintained when the pulp is frozen quickly (Wang and Chang, 1994) .
Several reports in the literature show that fruit pulps behave as non-Newtonian fluids, with shear-thinning behavior. Pelegrine et al. (2002) determined that pineapple and mango pulps are shear-thinning fluids, as their apparent viscosities decrease with increases in shear rate, and the flow behavior index (n) was less than 1. A study comparing the available data in the literature for fruit pulps, including guava, raspberry, pineapple, apricot, apple, mango, tamarind and black currant found that all these fruit pulps showed shear-thinning behavior (Krokida et al. 2001) .
Fruit pulps with added pectin and sucrose have been used as raw material in various processes by the food industry, including the production of fruit preserves, candy, ice cream, ice pops and lollypops. The use of these additives affects the rheological behavior of the fruit pulps, altering the concentration of the constituents compared with the original pulp and consequently altering the physicochemical and microstructural characteristics of the products in the subsequent stages of processing, such as freezing and thawing (Fernandes et al. 2010 , Conceição et al. 2012 ).
Food processing critically affects the pectin structure-function relationship and thus the textural and rheological quality attributes of fruit and vegetable products depending on the technique applied and the intensity of the process. The rates at which desired and undesired quality-related reactions take place are functions of both intrinsic and extrinsic factors. The intrinsic factors refer to the product-specific properties, including pH and water activity. Extrinsic factors that affect the quality of processed foods are process-specific factors, including temperature, residence time and pressure ).
As an ingredient in food applications, pectin is known to be a principal component for the formation of gels. The rheological characteristics, such as the viscosity or viscoelasticity of systems, change in subtle ways depending on the pectin source and the environmental conditions. The rheological properties of pectin gels from apples and citrus fruits have been studied extensively ). However, most of this research has focused on the thermal processing domain, while pectin engineering studies in the freezing technology domain are currently rather limited ). In low-temperature applications, the effects of pectin on the rheological parameters can be related to its solubility properties. The structural characteristics of pectin and the distribution of hydrophilic and hydrophobic groups within the molecule determine the solubility properties of the polymer. Partial demethoxylation of pectin decreases its solubility in water. Generally, pectin solubility in water is increased by decreasing the polymer size and increasing the methoxy-ester groups; however, the pH, temperature, and the solute concentrations in the environment are also important The pH values observed for the yellow passion fruit pulp after freezing and thawing ranged from 2.67 to 3.77 and were higher than those for the fresh samples previously reported, from 2.54 to 3.77 (Raimundo et al. 2009 ) or 2.79 to 3.02 (De Marchi et al. 2000) . Pectin is very stable near pH 3.5, at its pKa value. The pectin polymer contains a negative charge in the acidic side chain. The addition of sugar to the fruit pulppectin mixture also influences the equilibrium between the pectin and the water, destabilizing the pectin and forming a mesh similar to a network structure that is capable of retaining liquid. This mesh then agglutinates the sugar in the form of a gel. The rigidity of the network structure is also influenced by the concentration of sugar and by the acidity of the medium.
Rheological behavior is the mechanical behavior of materials subjected to a deformation process due to a tension field and can be important to mass transfer-related phenomena that occur during the freezing processes. There is an ongoing discussion regarding the influence of the presence of hydrocolloids in the form of ice crystals and the roles of the ice crystal sizes. The ice crystals can be smaller, but this depends on the capacity of the hydrocolloids to bond with the water and increase the viscosity of the mixture (Blanshard and Franks 1987) . The freezing process is extremely dependent on product-related properties. Knowledge of the factors that may affect the change of the fruit pulp state is valuable for the monitoring and control of ice crystals (George 1993) . The incorporation of various concentrations of additives into the pulp can modify the freezing kinetics and the arrangement of the water molecules in the crystalline state (Fernandes et al. 2010) .
The objectives of this work are thus as follows: i) to evaluate the effect of air-blast freezing and the addition of sucrose and pectin on the rheological behavior of passion fruit pulps and ii) to establish a correlation between the concentrations of the additives and the rheological behavior and freezing kinetics of the fruit pulp mixtures.
Material and Methods

Preparation of samples
The yellow variety of passion fruit used in this work was harvested from various areas within the Lavras region, Minas Gerais state (Brazil). To extract the pulp, passion fruits were sanitized and crushed using a food processor (Braun AG 4243, São Paulo-Brazil). The resulting mixture was then passed through a Granutest (Telastem, São Paulo-Brazil) sieve with 1.2 mm openings (corresponding to Tyler-14, 14 mesh per inch and ABNT-16). Sucrose (P.A., 99.8 %-Isofar, Brazil) and low methoxy pectin (citrus pectin) (PROQUÍMIOS, São Paulo-Brazil) at the concentrations listed in the experimental design section (2.6) were added to the pulps, and the mixtures were then homogenized using a Turratec grinder (Tecnal, model-TE-102, Brazil).
Air-blast freezing
To measure the effects of freezing on the rheological behavior, the passion fruit pulps were stored in cylindrical polyethylene containers (1 L) and frozen at-20°C using an air-blast (Kit Frigor, Brazil) tunnel. The cooling time and cooling rate were obtained using type T thermocouples (copper-constantan) inserted into the geometric center of the cylindrical containers and connected to a signal conditioning system (National Instruments-Model SCXI-Hungary). The temperature measurements were collected at intervals of 1 min using software LabVIEW 8.5 (National Instruments-Ireland).
Rheological behavior
The characterization of the rheological behavior of systems composed of passion fruit pulps with added sucrose and pectin before and after freezing/thawing was performed using torque unit readings from a viscometer (model RVT-Brookfield Engineering Laboratories, MA, USA) with a reading precision of ±1.0 % and a measurement range of 100 mPa s to 8,000 Pa s at 25°C. The velocities used were 0.5, 1, 2.5, 5, 10, 20, 50 and 100 rpm, and the sample volume was 500 mL, contained within a 600 mL beaker. Spindles (numbers 2, 3 and 4-Brookfield Engineering Laboratories, MA, USA) were used for the passion fruit pulps according to the reading limit at maximum speed. We used the Mitschka method (Briggs and Steffe 1997) to convert the readings into rheological measurements (shear stress, shear rate and apparent viscosity).
Microfreezer analyses
In this study, passion fruit pulp samples were subjected to freezing conditions to obtain constant heat-flow removal and a freezing rate of 0.4°C/min. To study the microstructure of the freezing front in the pulps, we visualized the samples by light microscopy during freezing using a microscope (Meiji, Series ML 5000-Japan) equipped with a Peltier temperaturecontrolled cold-stage system and a polarized light filter, which was coupled to a video capture system. Photomicrographs were obtained at 1-s intervals from the start of the freezing front movement. The increase of frozen area in the passion fruit pulps as a function of time was analyzed using Sigma Scan-Pro 5.0 image analysis software.
Experimental design
We used the rotational composite design (Table 1) to study the effect of freezing on the rheological parameters and the
Results and Discussion
Rheological behavior
Although the Ostwald-de Waele model is often described as a power law, it is in fact an empirical relationship. This widely used equation takes the form
where σ is the shear stress, K is a consistency index, γ ⋅ is the shear rate, and n is a dimensionless number that indicates the closeness to Newtonian flow (Bourne 2002) . The experimental points (means of triplicates) and the curve fit to the Ostwald-de Waele model (power law) of the treatments before freezing (BF) and after thawing (AF) from the air-blast freezing are presented in Fig. 1 for the systems with sucrose at a concentration of 10 g/100 mL and different concentrations of pectin. The coefficients of determination (R 2 ) are also shown for these treatments (legend).
According to Steffe (1996) , the curve fit models for all treatments showed that the pulps behave like pseudoplastic fluids (n<1). In these fluids, the shear stress increases with the shear rate, with greater increases corresponding to higher concentrations of pectin in the systems. However, after thawing of the samples, these behaviors are different. Figure 1 shows that there is a reversal of this trend of pseudoplasticity for concentrations of 0.5 and 1.0 g of pectin/100 mL of pulp. In the systems with 10 g of sucrose/100 mL of pulp in the absence of added pectin, the results for the unfrozen and thawed samples were similar. For the systems with 10 g of sucrose/100 mL of pulp and 0.5 g of pectin/100 mL of pulp, higher variations in the shear stress as a function of the shear rate were observed for the thawed samples compared to the unfrozen samples. For the systems with 10 g of sucrose/ 100 mL of pulp and 1.0 g of pectin/100 mL of pulp, the increase of frozen area in the passion fruit pulps as a function of time. Triplicate samples were analyzed at 25°C before freezing and after thawing. Thawing occurred at room temperature, controlled to 20±1°C. A nonlinear regression was fit to the rheological behavior data of treatments according to the Ostwald-de Waele model (power law) and assessed with regard to the statistical parameter coefficient of determination (R 2 ). These statistical analyses were performed using R® version 2.4.1 software (R Development Core Team, Vienna, Austria, 2006) and Statistica version 6.0 software (Statsoft®). The data obtained by the response surface methodology were analyzed using Statistica version 6.0 software (Statsoft®) for the response variables index of flow (n) and consistency index (K), while Minitab 14 was used for the variable 'area occupied by ice crystals.' unfrozen samples had higher variations in the shear stress as a function of the shear rate compared to those samples frozen and thawed for the same additives.
The model parameters to fit the experimental data of K (consistency coefficient) and the respective coefficients of determination (R 2 ) are illustrated for the unfrozen samples in Fig. 2A and for frozen and thawed samples in Fig. 2B . For n (flow behavior index), the results are presented for the unfrozen samples in Fig. 3A and for the frozen and thawed samples in Fig. 3B . The n values were found to be less than unity ( Figure A and 3B) , thus demonstrating the pseudoplastic character of the pulps (Steffe 1996; Ferreira et al. 2002; Cabral et al. 2002; Silva et al. 2005; Cabral et al. 2005; Sato and Cunha 2007) .
Figures 2B and 3B show that the highest consistency index and the lowest flow index are demonstrated by the samples that had been frozen with concentrations of pectin above 0.5 g/100 mL of pulp. The mechanism can be related to the separation of the structural water as ice during the freezeconcentration of the systems. A comparison of the differences between the viscosities of the unfrozen and frozen/thawed pulps shows that the higher values for the viscosity after thawing can be attributed to the size of the particles suspended in the pulp (Pelegrine et al. 2002) . During the cooling and separation of the structural water as ice, the reduction in the temperature leads to a reduction in the molecular distances due to increases in the intermolecular forces. Additionally, with the temperature reduction, the shear stress is reduced, causing a rearrangement of the particles and aggregation into bigger particles. These particles flow with more difficulty, resulting in a viscosity increase (Conceição et al. 2012 ).
With less water, acidic pH and in the presence of sucrose, the conditions boost the formation of the pectin-sucrose network. However, the increase of sucrose concentration (20 g/ 100 mL of pulp) is not favorable for the separation of water as ice, and it remain in the unfrozen phase. After thawing, the change in the consistency index and flow index as functions of the additive concentrations can be explained by the size of the suspended particles, which influence its alignment when subjected to the shear stress.
Because shear stress is directly proportional to viscosity, an increase in viscosity is associated with the increase in pectin concentration for unfrozen pulps. The behavior of unfrozen and thawed samples treated with 20 g of sucrose/100 mL of pulp in the absence of pectin (data not shown) was similar to that of the samples treated with 10 g of sucrose/100 mL of pulp, as shown in Figs. 2 and 3 . Figure 4 shows the curves of the apparent viscosity as a function of the shear rate. These curves for the frozen and thawed treatments describe a pseudoplastic behavior, thus confirming the previous analyses. In this non-Newtonian type of fluid, the apparent viscosity decreases with increases in the shear rate. According to Haminiuck et al (2007) , the decrease ) before freezing (BF) and after thawing (AF) in passion fruit pulps with the addition of (-■-) 10 g of sucrose/100 mL of pulp and 0 g of pectin/ 100 mL of pulp, BF, R 2 =0.92; (-□-) 0 g of pectin/100 mL of pulp, AF, R 2 =0.92; (-▲-) 0.5 g of pectin/100 mL of pulp, BF, R 2 =0.96; (-Δ-) 0.5 g of pectin/100 mL of pulp, AF, R 2 =0.99; (-•-) 1.0 g of pectin/100 mL of pulp, BF, R 2 =0.98; (-○-) 1.0 g of pectin/100 mL of pulp, AF, R 2 =0.98 in apparent viscosity with increasing shear rate can be explained by the structural breakdown of the pulp caused by the ) of passion fruit pulps before freezing (BF) and after thawing (AF) with the following additions: (-■-) 10 g of sucrose/100 mL of pulp and 0 g of pectin/100 mL of pulp, BF; (-□-) 0 g of pectin/100 mL of pulp, AF; (-▲-) 0.5 g of pectin/100 mL of pulp, BF; (-Δ-) 0.5 g of pectin/ 100 mL of pulp, AF; (-•-) 1.0 g of pectin/100 mL of pulp, BF; (-○-) 1.0 g of pectin/100 mL of pulp pectin, AF. Figure 5 Photomicrographs of passion fruit pulp with the addition of 17.1 g of sucrose/100 mL of pulp and 0.85 g of pectin/100 mL of pulp at time intervals 2 (A), 6 (B) and 10 (C) seconds during the freezing process.
hydrodynamic forces generated and the increased alignment of the constituent molecules.
Analyses of the concentration of the systems on the freezing kinetics
To verify and correlate the rheological behavior effects with the kinetics of ice crystal formation during freezing for the passion fruit pulp systems with added sucrose and pectin, we obtained microfreezer photomicrographs and analyzed the development of the freezing front in these systems.
The cooling rate of the Peltier cold-stage system was set up to be similar to the cooling rate for air-blast freezing of the samples packed in polyethylene containers (1 L) at an aircooling temperature of-20±2ºC. The results for the cooling rates measured in the air-blast freezer were 0.38°C/min (10 g of sucrose/100 mL of pulp, 0.5 g of pectin/100 mL of pulp), 0.36°C/min (10 g of sucrose/100 mL of pulp, 0 g of pectin/ 100 mL of pulp) and 0.32°C/min (10 g of sucrose/100 mL of pulp, 1.0 g of pectin/100 mL of pulp). This difference observed in the heat removal rate can be a consequence of the increase in the pectin concentration. Air-blast freezing was chosen because it is the most frequently applied method in small agroindustries. This study aimed to determine whether the changes in the rheological behavior caused by the additives before freezing modify the rate of ice crystal growth at the microscopic level and the degree to which the treatments can influence this growth rate. Figure 5 shows photomicrographs selected at time intervals of 2, 6 and 10 s after the freezing of pulp mixtures containing 17.09 g of sucrose/100 g of pulp and 0.85 g of pectin/100 g of pulp (sample 4) began. Figure 5 shows the variation of the area of the ice crystals growing in the field of the microscope. The variations in the areas occupied by the ice crystals as a function of pectin and sucrose concentrations at 2, 6 and 10 s intervals for all the treatments were quantified using image analysis software, as shown in Fig. 6 . Figure 6 shows that the freezing front movement occurs with greater velocity following an inverse relationship for treatments in which high sucrose concentrations are associated with low pectin concentrations, there are intermediate sucrose and pectin concentrations and high pectin concentrations are associated with low sucrose concentrations.
With respect to the rheological behavior and results, Fig. 6 reveals an interactive effect between the sucrose and pectin factors on the apparent viscosity of the systems, which may influence the freezing front velocity. This result suggests the existence of an optimum combination of sucrose and pectin concentrations in which the synergistic interaction between the pulp components and the additives may increase the amount of free water available in the medium and therefore favor the freezing front mobility.
The results shown in Figs. 5 and 6 reveal that the addition of pectin significantly (P<0.05) influenced the velocity of the increase in the frozen area. This increase was more pronounced with pectin concentrations of 0.6 g/100 mL to 1.0 g/100 mL and sucrose concentrations lower than 8 g/ 100 mL of pulp.
One of the properties of pectin is an ability to produce strong interactions in acidic pH and in the presence of sucrose because the formation of the pectin-sucrose chain is dependent on hydrogen bonds and hydrophobic interactions, which in turn are functions of temperature (Sato and Cunha 2007) .
The interactions in the pectin-sucrose system are complex and depend strongly on temperature. Hydrogen bond interactions predominate at low temperatures, while hydrophobic interactions predominate at higher temperatures. Thus, depending on the concentration and temperature, the bonding zones are formed and stabilized by different contributions of hydrophobic interactions and hydrogen bonds, which can affect both the network structure and the rheological behavior (Brandão and Andrade, 1999) . The intensity of these interactions depends on the sucrose concentration and an acidic environment and will be responsible for the greater or smaller amounts of free water available in the systems and for the lower or higher velocity of the freezing front advance.
Conclusions
Passion fruit pulps containing added pectin (in all combinations) and subjected to air-blast freezing at -20°C demonstrated a pseudoplastic behavior before freezing and after thawing. The Ostwald-de Waele equation (power law) provided good fits to the experimental data for shear stress as a function of shear rate in the passion fruit pulp systems with added pectin and sucrose.
In this study, the pectin was solubilized in the passion fruit pulp at ambient temperature without previous thermal treatment. Potential gelation phenomena in these ambient conditions were not evaluated. A study of the rheological behavior involving oscillatory shear perturbations would be necessary to clarify this aspect.
However, the results show that the addition of pectin and sucrose to the passion fruit pulp at low pH influenced the rheological behavior of the systems before freezing and after thawing. The results show increases in the consistency index and reductions in the flow index after thawing compared to the unfrozen samples. The degree of variation in these parameters was dependent on the sucrose and pectin concentrations. This suggests that there are concentrations of these additives where Figure 6 Variation of area occupied by the ice crystals during the freezing of passion fruit pulps as a function of the pectin and sucrose concentrations at time intervals (A) 2, (B) 6 and (C) 10 s after freezing began.
hydrophobic interactions had increased the amounts of free water in the systems, thus favoring the freezing front advance. These results have applications in specifying the formulations of frozen products to which pectin may be added, for example, in sherbets and fruit ice pops, where an increase of viscosity during thawing is desirable.
